Cyclic stretch (CS) associated with mechanical ventilation (MV) can cause excessive alveolar and endothelial distention, resulting in lung injury and inflammation. Antioxidant enzymes (AOEs) play a major role in suppressing these effects. The transcription factor Nrf2, via the antioxidant response element (ARE), alleviates pulmonary toxicant-and oxidant-induced oxidative stress by upregulating the expression of several AOEs. Although gene expression profiling has revealed the induction of AOEs in the lungs of rodents exposed to MV, the mechanisms by which mechanical forces, such as CS, regulate the activation of Nrf2-dependent ARE-transcriptional responses are poorly understood.
INTRODUCTION
Mechanical ventilation (MV) and supplemental oxygen therapy (hyperoxia) have been widely used, often in combination, to treat patients with acute lung injury. MV can improve intrapulmonary shunting in ARDS patients. However, it can also cause excessive alveolar distention, resulting in lung injury and increased pulmonary vascular permeability and an increase in the production of proinflammatory mediators (1) (2) (3) known to be associated with production of reactive oxygen species (ROS), a condition generally referred to as oxidative stress. These events may then serve to initiate and/or potentiate an inflammatory response, leading to a vicious cycle of inflammation either locally or systemically (4, 5) . detoxification process, thereby protecting cells from the deleterious effects of ROS (see recent reviews (9, 10) ). We recently demonstrated that Nrf2-deficient mice are more susceptible than wildtype mice to inflammatory and hyperpermeability responses in response to hyperoxic exposure (11) . Both basal and hyperoxia-inducible expression of mRNAs encoding several AOEs, such as glutathione peroxidase 2 (Gpx2), glutamate-cysteine ligase catalytic subunit (Gclc), and glutamate cysteine ligase modifier subunit (Gclm), are significantly lower in Nrf2-knockout mice than in wildtype mice (11, 12) . Consistent with these findings, studies from other laboratories have shown an important role for Nrf2 in the regulation of AOE expression in response to various oxidative and cytotoxic insults in many cells and tissues (9, 10) .
Gene expression profiling has demonstrated that MV modulates the expression of prototypical Nrf2 target genes, such as Gclc and Gclm, in the lungs of animals in various experimental models (13) , further suggesting a role for Nrf2-dependent ARE-mediated transcriptional responses during MV.
Because CS associated with conventional MV exacerbates lung injury and inflammation, deciphering the mechanisms of CS-induced cellular responses, especially the induction of AOEs, is critical to developing strategies aimed at minimizing MV-related stress. The upstream signaling pathways that control the activation of Nrf2 by CS remain unclear. We have therefore used in vitro studies to examine the mechanism of activation of the Nrf2-dependent ARE-mediated transcriptional response in pulmonary epithelial and endothelial cells subjected to CS. Here we report for the first time that actin remodeling and EGFR-activated PI3K-Akt signaling are necessary for the regulation of Nrf2-dependent ARE-mediated transcriptional responses elicited by CS.
Moreover, we demonstrate that oxidative stress regulates this process, suggesting the existence of a regulatory feedback mechanism for ARE activation. 
Measurement of cellular GSH and GSSG levels:
Reduced and oxidized thiols were measured essentially as described elsewhere (15) . For GSH measurement, 10 µl of cell lysate was mixed with 80 µl potassium phosphate-EDTA (1 mM, pH 8.0) and 10 µl of o-phthalaldehyde (OPT, 1 mg/ml).
After a 15-min incubation at room temperature, the fluorescence of the sample was read at 360 nm excitation and 465 nm emission using a fluoroscence plate reader (Perkin-Elmer, HT7000). For determination of oxidized glutathione,10 µl of sample solution was mixed with 70 µl of potassium phosphate-EDTA (1 mM, pH 8.0) and incubated with 4 µl of 40 mM N-ethylmaleimide (which reduces the oxidized GSH) for 30 min. The reaction was stopped with 6 µl of 0.1 N NaOH and incubated with 10 µl of OPT (1 mg/ml) for 15 min, and the amount of fluorescence was measured as detailed above. The values are expressed as % oxidized glutathione over reduced glutathione for the respective samples, with the value for the static control group set at 100%.
F-actin staining:
Immunofluorescent detection of F-actin was determined as described previously (16) . C10 cells grown on coverslips were treated either with DMSO or LA (1 µM) for 30 min, fixed with cold methanol for 10 min and permeabilized with PBS buffer containing 0.1% Triton X.
Permeabilized cells were washed and blocked in 3% BSA for 30 min. Cells were washed three times, and F-actin was stained using Texas Red X-phalloidin (1:200) and photographed.
Western blot analysis: Cells subjected to CS for various times were harvested and immunoblotted using native and phosphospecific antibodies as previously described (17) . The blots were then visualized with the ECL Western blot detection system.
Transfections and reporter gene analyses: Transient transfections were performed using the ARE Luciferase reporter construct (hereafter referred as ARE-Luc) as described previously (18) .
To normalize transfection efficiency between wells, the cells were cotransfected with 1 ng of the Renilla luciferase plasmid pRL-TK (Promega Corp). After exposure to static conditions or CS for 5 h, cell extracts were assayed for firefly and Renilla luciferase activities using a dual luciferase kit (Promega Corp.). Firefly luciferase activity was normalized to that of Renilla luciferase.
Electrophoretic mobility shift assays (EMSAs): Nuclear extracts were isolated according to the manufacturer's instructions, using an NE-PER nuclear and cytoplasmic extraction reagent kit (#78833) from Pierce Biotechnology (IL, USA), and EMSAs were carried out as described previously (19) using nuclear extracts (2.5 µg) and a 32 P-labeled double-stranded ARE oligonucleotide probe. In super-shift assays, nuclear extracts were incubated on ice with 2 µg of anti-Nrf2 antibody (sc-722X) and IgG (sc-2025) (Santa Cruz Biotechnology) for 2 h before addition of the probe.
Real time PCR:
TaqMan ® gene expression assays detecting mRNAs encoding mouse Hmox1
Gclm (Mm00514996_m1), Gapdh (Mm99999915_g1) and Actb (Mm00607939_s1) were purchased from Applied Biosystems (Foster City, CA, USA), and mRNA levels were quantified in triplicate according to the supplier's recommendations. The absolute values for each gene were normalized to that of Gapdh and/or Actb and the relative value for the static or vehicle-treated control group was considered as equal to one arbitrary unit (AU).
Data Analysis: Data are expressed as the mean + S.E. Statistical significance was determined using "t" test and accepted at P < 0.05. All transfections were performed in triplicate, and each experiment was repeated at least twice. Data are presented as the mean luciferase activity ± standard deviation (n = 3-5) for a representative experiment. All westerns blot and gel shift analyses were performed twice in duplicate. Realtime PCR was performed in triplicate (N=3) and was repeated to obtain reproducible results. The statistical significance of the differences between groups was determined using Student's t-test, and P<0.05 was considered statistically significant.
RESULTS
The Nrf2 transcription factor is essential for the CS-induced ARE-mediated transcriptional response. MV has been shown to induce the expression of several antioxidant enzymes (AOEs), such as Gpx2, Gclc, and txrnd, in the lungs of various animal models (13, 20) . To determine whether CS associated with MV modulates AOEs expression, murine C10 alveolar type II-like epithelial cells were grown on BioFlex plates and subjected to static conditions (control) or CS at 18% elongation (6) . This exposure has been most frequently used by various laboratories to determine CS-induced pulmonary epithelial responses (21, 22) . Total RNA was isolated from the cells, and Gpx2 and Gclc expression was analyzed by real-time PCR. CS markedly upregulated (~ 5-fold) Gpx2 mRNA levels, as compared to the static control group (Fig.1A) . Similarly, CS significantly (~ 40%) stimulated Gclc mRNA expression over that of static control cells. This modest but significant increase in the expression level of Gclc, the first rate-limiting enzyme of GSH synthesis, is consistent with several previous studies (10).
To determine whether CS stimulates the ARE-mediated transcriptional response, cells were transfected with ARE reporter vector, along with a reference plasmid, and subjected to 18%
elongation. The ARE-driven reporter expression was then analyzed as described in Methods. CS markedly enhanced ARE-driven luciferase activity when compared to static controls at 6 h (~5-fold compared to cells exposed to static conditions) and was further increased at 16 h of exposure (Fig.   1B) . To confirm the role of Nrf2 in mediating the ARE-driven transcriptional response, we have transiently transfected cells with the Nrf2 mutant along with the ARE reporter plasmid (Fig. 1C ).
Ectopic expression of the Nrf2 mutant, which lacks the transcriptional activation domain (23), ablated CS-stimulated reporter activity. Collectively, these results suggest a prominent role for Nrf2 in regulating CS-induced ARE-mediated transcriptional responses.
Exposure to CS did not significantly alter Nrf2 mRNA expression levels (data not shown). This result is consistent with several other studies that have demonstrated that nuclear accumulation of Nrf2, rather than its transcriptional induction, plays a predominant role in upregulating AREdependent gene expression by various oxidants (10) . To further validate this notion, nuclear extracts were prepared from static and CS-stimulated cells, and Nrf2 binding to the putative ARE site was analyzed by EMSA to determine Nrf2 nuclear accumulation and activation. As shown in Fig.1D , the ARE oligo formed a strong protein complex with nuclear extracts isolated from both static (lane 2) and CS-stimulated cells (lane 3). However, the intensity of this complex was markedly (> 50%) enhanced following CS stimulation (compare lanes 2 and 3, Figure 1D ). The specificity of these complexes was analyzed by competition assays using the unlabeled ARE probe. Actin remodeling is necessary but not sufficient to modulate the CS-induced ARE-mediated transcriptional response. Actin remodeling has been shown to play a key role in the modulation of transcription factor activation and subsequent gene transcription in both pulmonary endothelial and epithelial cells (24) . To determine the contribution of actin remodeling to the CS-induced Nrf2-ARE transcriptional response, we used jasplakinolide, which promotes actin polymerization (25) .
Treatment of C10 cells cultured under static conditions with jasplakinolide had no significant effect on basal level luciferase activity. However, pretreatment of the cells with this chemical ablated the CS-induced transcriptional response by the ARE ( Fig. 2A) . We also performed analogous experiments using latrunculin (LA), which destabilizes cytoskeletal organization (Fig. 2B ). Contrary to our expectations, despite having a modest but significant effect, LA failed to significantly upregulate ARE reporter activity, when compared with the vehicle-treated control group (Fig.2C ).
However, pretreatment of cells with latrunculin suppressed CS-induced ARE-driven reporter expression ( Fig. 2D ). To confirm the cytoskeletal destabilization by latrunculin under our experimental conditions, we treated cells were with latrunculin and F-actin was stained using Texas Red X-phalloidin as detailed in Methods. Cells treated with vehicle control (DMSO) showed distinct actin distribution through out the cytoplasm ( Fig 2E, top panel) , whereas the F-actin staining was mainly focused around the periphery of the cells treated with latrunculin (bottom panel).
We next performed the experiments described above in rat pulmonary microvascular endothelial cells (RPMECs) which, like alveolar epithelial cells and as essential components of the alveolar-capillary units, can be subject to cyclical stretch during mechanical ventilation. Moreover, the mechanisms controlling the CS-stimulated ARE-mediated transcriptional response in these cells are poorly defined. Similar to alveolar epithelial cells, CS significantly stimulated ARE-driven luciferase activity in RPMEC as compared to static controls (Fig. 2C , compare bars 1 and 2), an effect that was completely abrogated by treatment of the cells with jasplakinolide (bars 3 and 4).
Jasplakinolide had no significant effect on basal level ARE activity (Fig. 2C , compare bars 1 and 3).
On the other hand, latrunculin had no significant effect on luciferase activity in RPMEC cultured under static conditions (Fig. 2D ). The lack of ability of either latrunculin or jasplakinolide to markedly stimulate the ARE-driven transcriptional response above the basal level seen under static conditions, and the blunted response of CS-induced ARE-activation in the presence of an actin polymerization agent strongly suggest that actin remodeling is necessary but not sufficient to modulate ARE-mediated gene transcription.
EGFR-activated signaling is essential for CS-induced Nrf2/ARE-mediated transcription.
Because actin remodeling is not sufficient to stimulate CS-induced Nrf2-dependent ARE-mediated transcription, we next examined the involvement of other potential mechanisms. We focused our studies on EGFR-activated signaling, as it regulates downstream effector pathways (e.g., PI3K and MAP kinases) that activate various transcription factors in response to specific stimuli (26, 27) .
Furthermore, several studies have shown that EGFR acts as a biosensor to transduce signals from mechanical forces in various cell types, including pulmonary epithelial cells (28) (29) (30) (31) (32) (33) . To determine whether this receptor-activated signaling modulates CS-induced Nrf2-ARE activation, CSstimulated ARE-Luc activity was analyzed in the presence or absence of AG1478, a pharmacological agent which specifically blocks EGFR tyrosine kinase activity. As demonstrated in Figure 3A , CS markedly stimulated luciferase activity in vehicle-treated cells, an effect that was abrogated by pretreatment of the cells with AG1478. In separate experiments, and consistent with previous other reports (13, 20) , we had observed high-level expression of amphiregulin (AREG, a known activator of EGFR) in the lungs of mice subjected to MV (data not shown). AREG has also been shown to play a role in the transactivation of EGFR by compressive stress in lung epithelial cells (34) . Based on these observations, we used anti-AREG antibodies to determine their effect on modulating the EGFR-dependent Nrf2-ARE transcriptional response induced by CS. Incubation of cells with anti-AREG antibodies obliterated CS-induced luciferase activity driven by the ARE, as compared to IgG-incubated control cells (Fig. 3B) . Analogous experiments performed in RPMEC demonstrated that CS-stimulated luciferase activity was markedly attenuated in the presence of AG1478 (Fig. 3C) , suggesting that EGFR-activated signaling is essential for the Nrf2-ARE transcriptional response in endothelial cells. lncubation of cells with anti-AREG antibodies (Fig. 3D , bars 3 and 4) also significantly attenuated the CS-induced transcriptional response driven by the ARE, while IgG had no effect ( We examined the involvement of these kinases in the regulation of CS-stimulated ARE transcriptional response. Pretreatment of C10 cells with the PI3K inhibitor LY294002 (Fig. 4A) almost completely inhibited CS-induced luciferase activity (bar 4) as compared to vehicle-treated CS-exposed cells (bar 2). In contrast, the MEK-ERK pathway specific inhibitor PD98059 had no significant effect (Fig. 4B ). This result suggests that the PI3K pathway regulates the CS-induced ARE transcriptional response, whereas ERK signaling plays a minimal role in this process. We next examined the role of Akt, a major effector of PI3K, using a dominant-negative kinase-deficient form of Akt bearing the K179A mutation (35) . Ectopic expression of a dominant Akt mutant significantly reduced CS-stimulated luciferase activity, whereas the empty vector (control) had no effect (Fig.   4C ). Together, these results suggest a prominent role for the PI3K-Akt pathway in regulating the Nrf2-ARE transcriptional response in alveolar epithelial cells.
Inhibition of EGFR activity blocks CS-stimulated PI3K signaling and subsequent AREmediated AOE expression. We next examined whether EGFR-activated signaling regulates CSstimulated P13K-Akt activation in the alveolar epithelial cell line C10. We first assessed the activation of the P13K-Akt and MEK1/2-ERK1/2 pathways using phospho-specific Akt and ERK1/2 antibodies, respectively (Fig. 5A ). CS exposure markedly stimulated both Akt and ERK1/2 MAP kinase phosphorylation, an effect that was markedly attenuated by pretreatment of cells with AG1478 (Fig. 5A, compare lanes 2 and 4) . As anticipated, the PI3K inhibitor LY294002 completely blocked Akt activation (Fig. 5B, compare lanes 2 and 4) . Interestingly, inhibition of the PI3K pathway completely blocked CS-stimulated ERK1/2 phosphorylation. These data, together with results shown in Figure 4B , suggest that CS-induced ERK activation is controlled by PI3K pathway.
These results also indicate that ERK1/2 signaling only minimally contributes to CS-stimulated AREmediated transcription (Fig. 4B) .
To further confirm a role for the EGFR-activated PI3K-Akt pathway in regulating Nrf2 activation by CS, we performed EMSA assays to examine whether EGFR and PI3K inhibitors affected the binding of Nrf2 to the ARE (Fig. 5C ). As reported above (Fig.1D) , incubation of nuclear extracts isolated from both static and CS-exposed nuclear extracts with the ARE probe yielded protein complexes (arrow, Fig. 5C ). The protein complex formation was stronger in CS-exposed cells.
Pretreatment of cells either with the EGFR inhibitor or PI3K inhibitor markedly reduced CSstimulated protein binding to the ARE, as compared to DMSO treatment (Fig. 5C ). This result is consistent with the inhibitory effects of EGFR and PI3K inhibitors on CS-stimulated Nrf2-ARE transcriptional response reported above (Figs. 4 and 5 ).
To further confirm the role of the PI3K-Akt pathway in regulating Nrf2-dependent ARE-mediated gene expression, the effect of LY294002 on CS-stimulated Gclc expression was analyzed by realtime PCR. We chose this gene because it is a prototypical target of Nrf2 and plays a key role in GSH synthesis. Consistent with the results presented above (Fig. 1) , CS strongly stimulated Gclc mRNA expression, as compared to static control exposure (Fig. 5D) . However, pretreatment of cells with LY294002 ablated the induction of Gclc expression by CS. Collectively, these results further confirm a critical role for the PI3K-Akt pathway in regulating CS-stimulated, Nrf2-dependent ARE-mediated AOE gene expression.
Oxidative stress-mediated signaling regulates CS-induced ARE-mediated transcription. ROS generated in response to oxidants or stressful stimuli have been implicated in the activation of various transcription factors, including Nrf2 in lung epithelial cells (18) . To examine the role of ROS, C10 cells were treated with or without the antioxidant N-acetyl-cysteine (NAC), and CSstimulated ARE-driven luciferase activity was analyzed. As shown in Fig. 6A , NAC diminished the CS-stimulated ARE transcriptional response, suggesting a role for ROS in this process. To examine whether ROS-dependent signaling is required for PI3K-Akt activation, the effects of NAC on CSstimulated PI3K-Akt signaling were analyzed. Immunoblotting experiments revealed that activation of the PI3K-Akt pathway after exposure to CS (Fig. 6B) was inhibited in the presence of NAC, consistent with the notion that CS activates the PI3K-Akt pathway in an ROS-dependent manner.
To examine whether oxidative stress-mediated signaling regulates CS-induced EGFR, cell extracts were exposed to CS for 15 min, and the receptor phosphorylation was measured by immunoblot analysis using phospho-specific EGFR antibodies (Fig. 6C) (Fig. 7A) . However, cells exposed to 5% (left top panel) or 18% CS (right top panel) for 15 min showed high levels of DCF staining relative to those of static cultures. The %DCF staining was slightly higher in cells exposed to 18% CS as compared to 5% CS. There was a significant increase in ROS production in cells subjected to 5% or 18% CS for 6 h. However, the %DCF staining was markedly higher in cells exposed to 18% elongation (Fig. 7B, bar 6 ) than those exposed to 5% CS (bar 5), suggesting that cyclic strain enhances ROS levels in lung epithelial cells in a dose-dependent manner. To determine whether an increase in ROS production correlates with the AOE-mediated cytoprotective response, we measured the expression levels of antioxidant gene expression in cell cultures under these identical conditions. Quantitative analysis revealed that the induction of AOE was differentially regulated by CS (Fig. 7C) . The induction of Gclc and Hmox1 by 18% CS was markedly higher than that for 5% CS. However, the inducible expression of Gclm was comparable for 5% and 18% CS exposure. We found a lack of induction of Nqo1 by 18% CS, as compared to 5% CS. Collectively, these results suggest the existence of an imbalance between ROS levels and antioxidant expression in lung epithelial cells in response to CS. To confirm this notion, as a readout of the antioxidant imbalance, we analyzed the levels of reduced and oxidized GSH concentrations in cell cultures subjected to static conditions or 5% or 18% CS (Fig. 7D) . The increased level of GSH oxidation in 18% CS exposed cell cultures (bar 3) was significantly higher than that by 5% CS (bar 2) and static control (bar1) groups. Collectively, these results suggest that CS at higher levels causes an imbalance between antioxidant and oxidant levels.
DISCUSSION
The induction of cytoprotective AOEs in response to oxidant and stressful stimuli is critical for cellular detoxification. Emerging evidence suggests a role for antioxidant and oxidant imbalance in the exacerbation of lung injury and inflammation caused by various injurious insults, including MV. Actin remodeling plays a critical role in transforming a mechanical signal into a biological response (38) . Several studies have shown that actin remodeling regulates the activation of various intracellular signaling pathways and effector transcription factors that control gene transcription (39) . We found that treatment of cells with a pharmacological agent that promotes actin polymerization blocked CS-induced ARE-mediated gene transcription in both epithelial and endothelial cells (Figs. 2 and 3) . In contrast, studies with latrunculin B, which disrupts microfilament organization, had a minimal effect on ARE-mediated transcriptional response in both cell types (Figs. 2 and 3) . These results imply that actin remodeling is necessary but not sufficient to enhance high level CS-induced ARE-mediated gene transcription. We found that EGFR-activated signaling is also essential for the CS-stimulated transcriptional response induced by the ARE. Thus, it appears that EGFR-activated signaling and actin remodeling may act in concert to stimulate AOE expression to provide protection against CS-induced oxidative stress (21, 22) . Nrf2-ARE-mediated transcriptional response in both cell types (Fig. 3) . Consistent with our results, several studies have shown high-level AREG expression in the lungs of rodents subjected to MV and in experimental bronchopulmonary dysplasia induced by prolonged oxidative stress (13, 43) .
CS-induced EGFR
The fact that EGFR is a known target of AREG and that EGFR inhibition also blocks ARE activation Previous studies have shown increased ROS production in response to CS in several cell types and as early as 30 min after exposure to CS in lung epithelial cells, suggesting that ROS might contribute to the onset of MV-induced lung injury (21, 22) . We have demonstrated that supplementation of cells with an antioxidant, NAC, prevents the activation of PI3K/Akt and ERK signaling and subsequent ARE-mediated gene transcription by CS (Fig. 6A and 6B) . A similar result was obtained with DPI (data not shown), which inhibits the generation of ROS by potently blocking NADPH oxidase activity and other flavoproteins that regulate ROS production.
Supplementation of cells with NAC prior to exposure blocked CS-induced EGFR phosphorylation,
suggesting that ROS-mediated signaling regulates EGFR activation in response to CS. Importantly, we found that deregulation of AOE enzyme expression (Fig. 7C) in cells subjected to a higher level of CS (18%) was correlated with an increased oxidation of GSH to GSSG, when compared to that seen for static and 5% CS samples (Fig. 7D) . We therefore speculate that CS-induced ROS play a key role in activating early cellular signaling that involve Nrf2-ARE mediated gene transcription, thereby suppressing the side effects of ROS generated by CS. Prolonged or higher magnitude of CS exposure may lead to an imbalance between antioxidant and oxidants, thereby stimulating acute inflammation and lung injury.
In summary, our data demonstrate that EGFR-activated pathways and actin remodeling act in concert to activate Nrf2-dependent ARE-mediated AOEs transcription, thereby providing cellular protection against oxidative stress induced by CS.
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